Introduction
Although long-lived visible Eu III and Tb III emitters have been systematically exploited in the time-resolved separation of the target signal from the fluorescent background in bioassays, [1] the development of alternative near infrared (NIR) trivalent lanthanide probes (Ln = Pr, Nd, Er, Yb) is recent, [2] [3] [4] [5] [6] [7] despite the transparency of biological tissues in this spectral range.
[8] Moreover, the lower energy of the excited states in NIR emitters is compatible with visible sensitization processes outside the range of biological absorption, thus offering perspectives for improved detection limits. [9] Lanthanide-based NIR emitters are also used for optical amplification in lasers [10] and silica-based fiber optic networks, for which the emission wavelengths (1330 nm for Pr III and 1550 nm for Er III ) match the "window of transparency" in silica used for telecommunication. [11] Potential applications are thus obvious, but designing efficient sensitization for lanthanide-based NIR emitters remains a challenge, because the Laporte-forbidden 4f!4f transitions prevent direct excitation of the photoluminescence. [10] For Pr III , Nd III , and Er III , the plethora of accessible excited levels in the 6000-35000 cm À1 range is compatible with indirect sensitization processes, during which a suitable aromatic chromo- 5/6 + (Ln = Nd, Yb, Er; M = Cr, Ru) eventually produces lanthanide-based near infrared (NIR) emission, after directional energy migration within the complexes. Depending on the kinetic regime associated with each specific d-f pair, the NIR luminescence decay times can be tuned from micro-to milliseconds. The origin of this effect, together with its rational control for programming optical functions in discrete heterobimetallic entities, are discussed.
Keywords: energy transfer · helicates · heterobimetallic complexes · lanthanides · near infrared luminescence phore is irradiated in the UV [2] or visible [3] spectral range, followed by Ligand!Ln III energy transfer. Since the spectral overlap between the broad ligand emission spectrum (i.e., donor) and the Ln-centered narrow line absorption spectrum (i.e., acceptor) is considerable, the classical Fçr-ster-Dexter mechanism [12] holds for modeling these energy transfer processes. For Yb III , the existence of a single and sharp 2 F 5/2 excited level around 10 000 cm À1 strongly limits direct spectral overlap, but the efficient sensitization of the Yb( 2 F 5/2 ! 2 F 7/2 ) emission by high-energy ligand chromophores has been assigned to alternative electron transfer pathways (via Yb II ), [2b, 13] and/or phonon-assisted processes. [2a] The possible simultaneous occurrence of these different mechanisms in the same complex, combined with the extreme difficulty to separate exchange from multipolar contributions in Ligand!Ln III energy transfer, limit the molecular programming and tuning of NIR luminescence. [14] In this context, the alternative use of a d-block complex as a donor, well-separated from the lanthanide acceptor, offers the potential for a rational approach, since multipolar electrostatic interactions (with or without phonon-assistance) become the only vectors for intramolecular nd!4f energy transfer processes. [10, [12] [13] [14] The first systems matching this criterion took advantage of the intense charge-transfer transitions, often mixed with d-d transitions, occurring in the visible spectral range of redox-active d-block complexes, to efficiently collect photonic energy. Intersystem crossing (isc) followed by multipolar nd!4f energy transfer complete the energy funneling processes leading to the lanthanide-based NIR emission. [4] [5] [6] [7] The well-known [Ru II (2,2'-bipyridine) 3 ] 2 + chromophore (efficient 1 MLCT absorption centered at 22170 cm
À1
, followed by the quantitative isc feeding of the 3 MLCT state) [15] has been integrated into polymetallic d-f complexes containing Ln III -centered NIR emitters, and efficient intramolecular Ru( 3 MLCT)!Ln III (Ln = Nd, Er, Yb) energy transfer processes have been evidenced.
[4] Other work has focused on square-planar Pt II centers, [5] and pseudo-octahedral Re I [6] and Cr III [7] building blocks, but kinetic rate constants, k [4a] and Pt II !Ln III (Ln = Nd, Er, Yb) transfer in 3 and 4 (Figure 1 ). [5a, b] Owing to the large intermetallic distances (! 7-8 , Figure 1 ), the mathematical multipolar expansion can be reasonably limited to the first dipole-dipolar term, and the efficiency of the nd!4f energy transfer process (h M,Ln ET ) is given by Equation (1). [16] is the so-called critical distance for 50 % energy transfer, which can be estimated with Equation (2).
k 2 is an orientation factor having an isotropic limit of 2/3, F F is the quantum yield of the donor luminescence in absence of acceptor, n is the refractive index of the intermetallic medium, and J is the overlap integral between the emission spectrum of the donor and the absorption spectrum of the acceptor (in cm 6 mol
). The considerable number of parameters affecting k M,Ln ET , combined with their dependence on molecular and electronic structures, have dissuaded the rational programming of intermetallic energy transfer in semiflexible polymetallic d-f complexes, and the search for efficient d-block sensitizers entirely relies on empiric investigations.
To address which factors are the most pertinent for controlling nd!4f energy transfers, we have connected the inert donors [ 5/6 + (HHH stands for head-to-head-to-head, Figure 2 ). [17] [18] [19] The rigidity of the triple helix fixes the intermetallic distance (9.0-9.3 ) for any d-f pair, which 1) restricts the number of parameters (i.e., R , [18] which are three orders of magnitude lower than those reported for analogous RuLn complexes (Figure 1) . Herein, we focus on the detailed structural variations induced by the accommodation of different metal ions (M = Cr, Ru; Ln = Nd, Eu, Er, Yb, Lu) within the triple helices, and their consequences for nd!4f energy transfer. A quantitative kinetic model leads to a set of criteria, which can be rationally used for tuning the lifetimes of the lanthanide-based NIR emission. [17] leading to [CrLnL 3 ](CF 3 SO 3 ) 6 ·x H 2 O (Ln= Gd, Nd: x = 6; Ln = Yb: x = 4, Figure 2 ) in fair yields (58-67 %, see Table  S1 in the Supporting Information). Since the [Ru III (2-benzimidazolpyridine) 3 ] 3 + entity is too oxidizing and kinetically inert to be used as a precursor, we have resorted to the recently reported labilizing effect of polar solvents on [Ru II (a,a'-diimine) 3 ] 2 + . [19] Self-assembly of L (3 equiv) with [Ru(DMSO) 5 5 ·x H 2 O·y CH 3 OH (Ln = Nd: x = 10, y = 1; Ln = Eu: x = 2, y = 2; Ln = Gd, Er, Yb: x = 6, y = 1; see Figure 2 , and (5) and CrYb (7) [18] are isostructural with CrEu (6) and CrLu (8) previously described. [17] Each crystal structure comprises discrete triple-helical cations HHH-[Cr III LnL 3 ] 6 + , six ionic triflate anions, and four non-coordinated acetonitrile molecules. In 5, the larger ionic size of Nd III provides enough voids for the incorporation of an additional disordered water molecule in the unit cell, without significantly affecting the cell parameters. The atomic numbering scheme is shown in Figure 3a , while a view of the triple-helical cation is given in Figure 3b . The geometrical data are collected in Table 1 and in Tables S2-S5 in the Supporting Information.
Results and Discussion
The four triple-helical cations HHH-[CrLnL 3 ] 6 + (Ln = Nd, Eu, Yb, Lu) are superimposable (see Figure S1 in the Supporting Information), except for the expected faint contraction of the nine-coordinate lanthanide radii along the series. [22] The experimental six-coordinate Cr III ionic radii, calculated by using Shannons definition with r(N) = 1.46 , amount to R CN¼6 Cr = 0.585-0.591 in 5-8 (expected 0.615 ), [22] which demonstrates negligible variations of the CrN 6 chromophores when lanthanides of different sizes occupy the adjacent LnN 6 O 3 site. Moreover, the trend R [22] demonstrates the fine tuning provided by the helical strands wrapped around the lanthanide ions. The detailed geometrical analysis of the pseudo-octahedral CrN 6 site based on the angle f, q i , and w i in HHH-[CrLnL 3 ] 6 + (Figure 4a ), [17, 23] shows the usual distortions from a perfect octahedron (f oct = 1808, q oct = 54.78 and w oct = 608) with 1) a faint deviation from the C 3 axis (f= 178-1798, see Table S4 in the Supporting Information), 2) a significant flattening along this axis (q i = 57-618, see Table S4 in the Supporting Information), and 3) a constrained helical twist (w i = 51-538, see Table S4 in the Supporting Information). As expected, we find identical angular parameters within experimental errors for the four CrN 6 sites in 5-8. A related analysis of the pseudo-tricapped trigonal prismatic LnN 6 O 3 site in 5-8 (Figure 4b ), [17, 24] displays minor variations of f and q i along the lanthanide series. However, w i systematically decreases when going from CrNd (w i = 148) to CrLu (w i = 98, see Table S5 in the Supporting Information), which indicates a tighter wrapping of the tridentate segments around the smaller lanthanides. This minor structural change is responsible for the systematic increase of the intramolecular Cr···Ln separation with the decreasing size of Ln III (Table 2 ). This counter-intuitive consequence can be traced back to the mechanical coupling between the adjacent helical portions F 23 and F 34 defined in Figure 4c . [17] The associated helical pitches P ij (Table 2 ) unambiguously demonstrate that the tighter wrapping measured by the systematic decrease of P 34 and P 45 for smaller Ln III is balanced by an opposite relaxation of the helical twist within the intermetallic region (P 23 ), which eventually dominates the total extension of the helix, as previously reported for HHH-
6 + (Ln = La, Lu). [25] Crystal and molecular struc [19] are isostructural and 9 thus comprises discrete triple-helical cations HHH-[RuEuL 3 ]
5 + , along with ionic triflates and non-coordinated solvent molecules. The numbering used for CrLn also holds for the RuLn series ( Figure 3a , and Figure S2 in the Supporting Information). The molecular structures of RuEu and RuLu are almost identical (see Figure S3 in the Supporting Information), while they are only roughly superimposable with the one of CrEu ( Figure 5 ). Selected geometrical parameters are collected in Table 3 and Tables S6-S8 in the Supporting Information.
The calculated ionic radii for Ru II in RuEu (R CN¼6 Ru = 0.598 ) and RuLu (R CN¼6 Ru = 0.595 ) [19] point to a negligible influence of the lanthanide contraction onto the pseudo-octahedral RuN 6 chromophore, which is confirmed by identi- cal f, q i , and w i angles (see Table S7 in the Supporting Information). Conversely, the contraction of about 0.01 observed when replacing Ru II with Cr III has no significant effect on the wrapping process of the tridentate binding units around the Ln III ions (see Tables S5 and S8 in the Supporting Information). However, the helical twist (measured by P ij , Figure 4c ) shows a global tighter wrapping in going from CrLn to RuLn, which eventually reduces the intermetallic distance by about 0.25 (Table 2) . Since the geometries of the metallic coordination spheres in CrLn and RuLn are similar, this latter effect is assigned to the larger intermetallic electrostatic repulsion induced by the replacement of Ru II with Cr III .
Photophysical properties of the heterobimetallic complexes [CrLnL 3 ] 6 + (Ln=Nd, Gd, Yb) and [RuLnL 3 ] 5 + (Ln=Nd, Gd, Er, Yb): According to our structural analysis of complexes 5-10, we can safely conclude that the triple-stranded helicates offer a semi-rigid frame, in which the intermetallic separation is tuned by 1) the electrostatic repulsion between the metal ions and 2) the contraction of the lanthanide ionic radii. This situation is ideal for unravelling the intramolecular intermetallic nd!4f energy transfer processes eventually leading to the directional conversion of visible light into NIR luminescence. Moreover, the kinetically inert Cr III N 6 and Ru II N 6 chromophores ensure that the solid state structures are maintained in polar solvents. This is supported by ESI-MS spectra, in which we exclusively detect the presence of [MLnL 3 ] 6/5 + species for sprayed millimolar acetonitrile solutions (see Table S9 in the Supporting Information), [17, 18] and by the 1 H NMR spectra of [RuLnL 3 ]
5 + (Ln = Nd, Eu, Yb; Table S10 in the Supporting Information), which provide paramagnetic shifts identical to those reported for the analogous C 3 -symmetric triple-helical complexes [CoLnL 3 ] 6+ . [25] Direct comparisons between quantum yields measured in solution and excited states lifetimes collected in the solid state are thus reliable. [17, 19, 26] Ligand-centered excited states in [CrLnL 3 ] 6 + (Ln=Nd, Gd, Yb) and [RuLnL 3 ] 5 + (Ln=Nd, Gd, Er, Yb): The UV part of the absorption spectra of CrLn and RuLn in acetonitrile are similar and show two intense bands centered at 40 000 and 30 000 cm
À1
, and assigned to ligand-centered p!p* transitions, as previously established for CrLu [17] and RuLu [19] ( Table 4 and Figure 6b ), which are diagnostic of the [Ru(a,a-diimine) 3 ] chromophore. [19] The associated time-resolved spectra (delay time: 50 ms) indicate a weak underlying ligand-centered . Definition of the angles f, q i , and w i for a) the pseudo-octahedral site (R 1 = MÀN1a + MÀN1b + MÀN1c and R 2 = MÀN2a + MÀ N2b + MÀN2c) [23] and b) the pseudo-tricapped trigonal prismatic site (R 1 = LnÀO1a + LnÀO1b + LnÀO1c and R 2 = LnÀN4a + LnÀN4b + LnÀN4c) [24] in HHH-
2 direction onto a perpendicular plane passing through the metal). c) Helical portions F i ÀF j along the threefold axis defined by the facial planes F i (see Table S2 and S3 in the Supporting Information). ), [17] than for Ru
MLCT in the range 17 000-24 000 cm À1 , Table 4 and Figure 6a) . [19] At 10 K, in the solid state or in frozen acetonitrile solution, the luminescence spectra of CrLn (Ln = Nd, Yb) display a strong band at 13 320 cm [27] the reduced Cr( 2 E) lifetimes in the isostructural complexes CrLn (Ln = Nd, Yb) can be safely assigned to the occurrence of incomplete intramolecular intermetallic Cr!Ln energy transfer processes. At 295 K, the Cr( 2 E) lifetimes dramatically decrease to reach the microsecond range as a result of efficient thermally-activated non-radiative vibrational quenching, previously evidenced in CrLu and CrGd (see Table S11 in the Supporting Information). [17] However, the decrease of the Cr-centered emission lifetimes in going from CrGd to CrLn (Ln = Nd, Yb) is maintained at 295 K (see Table S11 in the Supporting Information), and further confirmed by a similar trend in the quantum yields F Cr measured in acetonitrile (see Table S12 in the Supporting Information). We conclude that partial intramolecular directional intermetallic Cr!Ln energy transfer processes also occur at room temperature.
The luminescence spectra of the RuLn complexes (Ln = Nd, Gd, Er, Yb) show a broad band centered around 15 000-17 000 cm À1 (Table 4 ; 0 phonon at 15 600 cm À1 at 10 K in the solid state, Figure 8a ) arising from the Ru( , Figure 8a ). The microsecond Ru( 3 MLCT) lifetime is also reduced when going from RuGd to the isostructural RuLn (Ln = Nd, Er, Yb) complexes (see Table S11 in the Supporting Information), in complete agreement with the occurrence of partial intermetallic Ru!Ln energy transfer processes. Again, this trend is maintained in frozen solution at 10 K (Table 4) . However, t Ru decreases by almost two orders of magnitude at room temperature, and reliable variations of lifetimes in the nanosecond range are difficult to detect with our setup. The concomitant determination of the Ru-centered quantum yields F Ru overcomes this limitation, and confirms the existence of intramolecular Ru!Ln energy transfers at 295 K (see Table S12 in the Supporting Information). (9, 10) .
CrNd CrEu [b] CrYb CrLu [b] RuEu RuLu [c] P [a] Each helical portion F 1 -F 2 , F 2 -F 3 , F 3 -F 4 , and F 4 -F 5 is characterized by 1) a linear extension d(F i -F j ) defined by the separation between the facial planes, 2) an average twist angle a ij defined by the angular rotation between the projections of Ni and Nj (or Oj) belonging to the same ligand strand onto an intermediate plane passing through the metal (or a midpoint X for F 23 ), and 3) its pitch P ij defined as the ratio of axial over angular progressions along the helical axis P ij = d(F i -F j )/(a ij /360) (P ij corresponds to the length of a cylinder containing a single turn of the helix defined by geometrical characteristics d(F i -F j ) and a ij ). [36] [b] Taken from ref. [17] . [c] Taken from ref. [19] .
[d] F 1 : N1a, N1b, N1c; F 2 : N2a, N2b, N2c; F 3 : N4a, N4b, N4c; F 4 : N6a, N6b, N6c; F 5 : O1a, O1b, O1c (see Figure 4c ). Figure S6 in the Supporting Information). Since the local environments of the pseudotricapped trigonal-prismatic LnN 6 O 3 sites are comparable in CrLn and RuLn (see crystallographic section), the crystalfield splitting of the Nd-and Yb-centered transitions are almost identical (see Table S13 in the Supporting Information). It can be interpreted as arising from metal ions in a trigonal site with D 3 symmetry, for which the irreducible representations of the total angular momentum operator lead to four sublevels for Yb-( 2 F 7/2 ) and three sublevels for Yb( 2 F 5/2 ) (Figure 9a ). [28] We thus expect four transitions from the lowest crystal-field sublevel of Yb( ), for which we predict respectively, five, six, and seven allowed transitions assuming a trigonal symmetry. [16] Upon increasing the temperature, the 4 F 3/2 -centered emission band becomes broader, the energy difference between the components within each 4 I J manifold remaining the same (see Table S13 in the Supporting Information). However, additional components, shifted by 65-75 cm À1 on the high energy sides of the initial transitions (Figure 7b -d, and Figure  S4 and Table S13 in the Supporting Information), can be assigned as originating from the highest crystal-field sublevel of the emitting , we calculate a 41 % population for the upper sublevel, in line with the intensity ratios of the 11 509 cm À1 /11 436 cm À1 components of the 4 F 3/2 ! 4 I 9/2 transition, which amount to 0.38 for CrNd and 0.43 for RuNd. In the case of RuEr, the poor resolution of the Er( 4 I 13/2 ! 4 I 15/2 ) transition prevents a detailed crystal-field analysis (see Figure S6 in the Supporting Information).
Interestingly, the Yb( 2 F 5/2 ) and Nd( 4 F 3/2 ) emission decays at 10 K are single exponential functions, but the corresponding lifetimes cover three orders of magnitude, that is, from millisecond (CrNd, CrYb) to microsecond (RuNd, RuYb) ranges (Table 5) . Comparison with the standard Ln-centered [c] p!p* [b] d-d + CT [b] 1 pp* 3 pp* t( Figure S7 in the Supporting Information). This is evidence for a M!Nd energy transfer process, which can be modelled by the simple kinetic scheme given in Figure 10 .
The mathematical treatment of this system leads to the rate Equations (3) 
The metal-centered luminescence rate constants k (Table 4, and Table S11 in the Supporting Information), while k Ln Lum is obtained from the f-block-centered emission in ZnLn (Ln = Nd, Yb, Er, Table 5 ). [30] Assuming that the intramolecular d!f directional energy transfer is the only additional non-radiative pathway affecting the deactivation of the d-block-centered excited state in CrLn or RuLn, when Nd III , Er III or Yb III replace Gd III , the rate constant of the energy transfer process, k M,Ln ET , can be estimated from Equation (7) , in which k Table 4 and Table S11).
Moreover, once k M,Ln ET is determined, Equation (1) holds, thus leading to the critical distances for 50 % energy transfer processes R M,Ln 0 collected in Table 6 . At 10 K, a temperature at which phonon-assisted energy transfer processes are minimized, we notice that 1) Cr III is a Table 6 ) and 2) the efficiency of the energy transfer process decreases in the order h Table 6 ). The latter effect can be assigned to an increase of the overlap integral J [Eq. (2)] when Nd III is used as an acceptor because its 4 F J (J = 3/2, 5/2, 7/2, 9/2), 2 H J (J = 9/2, 11/2), and 4 S 3/2 excited levels are available for overlapping with the M-centered emission spectra in the 13 000-15 000 cm À1 range, while only two ( 4 F 9/2 and 4 I 9/2 ) and one level ( 2 F 5/2 ) are accessible for Ln = Er and Yb, respectively. [10] At 295 K, the thermally-activated vibrational processes explain the faster luminescence decays of the donor k M Lum , but the parallel trend observed for the energy transfer process k M,Ln ET suggests that both M-centered de-excitation processes (i.e., luminescence and energy transfer, Table 6 ) depend on closely related phonon-assisted mechanisms at high temperature. Consequently, the efficiency of the energy transfer processes h
(1)] does not drastically vary with temperature (Table 6 ). It is worth noting that k (1)]), [17] fairly match those obtained in the solid state (see Table S14 in the Supporting Information).
However, the most striking point concerns the experimental apparent rate constants k 5 + (Table 6 ). In other words, the expected lifetimes of the Ln-centered luminescence, which are in the microsec- CrNd [b] 0.47 (1) [c] 6.04 (3) 5.79 (7) 1.44(2) [d] RuEr [c] 6.94(5) [d] 0.540 (5) [d]
RuYb [c] 22.72 (7) 22.4(1) 17.52(2) 22.6(2) ZnNd [b] 1.46 (1) 1.49(1) 1.60(1) 1.82(1) ZnYb [b] 20 (1) 23 (2) 23 (1) 22 (1) [a] 10 À4 mol dm À3 in acetonitrile.
[b] ñ exc = 28 169 cm À1 .
[c] ñ exc = 20 492 cm À1 .
[d] Too weak to be measured. 5 + (Ln = Nd, Yb) in the solid state.
[a] depends on the ratio r = k
ET , [2b] and it can be rationalized with Equation (6) . A first limiting case occurs when the energy transfer is very fast and consequently, the sum k
ET ) is much larger than k Ln lum (r ! 1); Equation (6) then reduces to Equation (9) , in which the apparent decay of the Ln-centered luminescence in the bimetallic complex MLn coincides with the one found in absence of a donor in ZnLn (k Ln Lum ).
This situation is found for RuYb, for which (k Table 6 ). Equation (6) predicts that the population of the excited lanthanide level Yb( 2 F 5/2 ) in RuYb culminates around 5 % with respect to [Ru*(t = 0)] = 100 % (Figure 11a) , and the experimental apparent Yb( 2 F 5/2 ) decay lifetime (t = 22.7(1) ms, Table 5 
The latter situation holds for RuNd, CrNd, and CrYb ( Figure 11b , and Figure S8 in the Supporting Information) and leads to an astonishing apparent lengthening of the Lncentered emission decay time in the millisecond range when Cr III is used as donor. (Table 6 ). This somewhat unexpected behavior is responsible for the detection of significant, but incomplete intermetallic energy transfer when Cr III or Ru II are used as sensitizers. Moreover, these data suggest that both d-block-centered luminescence and energy transfer to the 4f acceptors are controlled by vibronic processes (i.e., phonon-assisted), which are more efficient for Ru( [1b] using time-resolved NIR luminescence, in which one monoclonal antibody is labelled with the d-block donor and the other one with the f-block acceptor.
Conclusion
[31] Increased sensitivity is expected upon reaction with the specific target antigen and crucial structural information about the distance between the recognition sites becomes simultaneously accessible. This could also develop into a new tool for assessing distances between targeted sites in large biomolecules.
Experimental Section
Syntheses, solvents and starting materials: These were purchased from Fluka AG (Buchs, Switzerland) and used without further purification unless otherwise stated. Acetonitrile was distilled from CaH 2 . The complexes [CrLnL 3 ](CF 3 SO 3 ) 6 ·x H 2 O (Ln = Gd, Nd: x = 6; Ln = Yb: x = 4), [17] [RuLnL 3 ](CF 3 SO 3 ) 5 ·x H 2 O·y CH 3 OH (Ln = Nd: x = 10, y = 1; Ln = Eu: x = 2, y = 2; Ln = Gd: Er, Yb: x = 6, y = 1) [19] and [ZnLnL 3 ](CF 3 SO 3 ) 5 ·3 H 2 O (Ln = Nd, Yb) [21] were prepared according to previously described procedures. (9) : Summary of crystal data, intensity measurements, and structure refinements are collected in Table 7 . All crystals were mounted on quartz fibers with protection oil. Cell dimensions and intensities were measured at 200 K on a Stoe IPDS diffractometer with graphite-monochromated Mo Ka radiation (l = 0.71073 ). Data were corrected for Lorentz and polarization effects and for absorption. The structures were solved by direct methods (SIR97), [32] all other calculations were performed with XTAL [33] system and ORTEP [34] programs. CCDC-220050 (5), CCDC-220051 (7), and CCDC-253390 (9) 4 (Ln = Eu, 6; Ln= Lu, 8). [17] The hydrogen atoms of the methyl groups were refined with restraints on bond lengths and angles, and blocked during the last cycles. The atomic positions of the other hydrogen atoms were calculated. In 5, the ethyl group C29b-C30b, the water molecule, and the triflate anions g and h are disordered and were refined on two sites with population parameters 0.5/0.5 for the ethyl and water molecule and 0.6/0.4 for each triflate anion.
The complex 9 is isostructural with [RuLuL 3 ](CF 3 SO 3 ) 4.5 Cl 0.5 (CH 3 OH) 2.5 (10) . [19] The metric of the unit cell was not reduced (c < b) to allow the same description of both isostructural structures. The ethyl group C29b-C30b, and the triflate anions f, g, and h were disordered and refined on two sites with population parameters 0.7/0.3 (ethyl, triflates f and g) and 0.75/0.25 (triflate h).
Spectroscopic and analytical measurements: IR spectra were obtained from KBr pellets with a Perkin-Elmer 883 spectrometer. Electronic spectra in the UV/Vis range were recorded at 20 8C from acetonitrile solutions with a Perkin-Elmer Lambda 900 spectrometer using quartz cells of 0.1 and 1 cm path length.
1 H NMR spectra were recorded at 25 8C on Bruker Avance 400 MHz and Bruker DRX-500 MHz spectrometers. Chemical shifts are given in ppm with respect to TMS. Pneumatically assisted electrospray (ESI-MS) mass spectra were recorded from 10 À4 mol dm À3 solutions on a Finnigan SSQ7000 instrument. The equipment and experimental procedures for luminescence measurements in the visible range have been published previously. [35] Excitation of the finely powdered samples was achieved by a 450-W xenon high-pressure lamp coupled with a monochromator or a Coherent Innova Argon laser. The emitted light was analyzed at 908 with a Spex 1404 double monochromator with holographic gratings (band-path used 0.01-0.2 nm). Light intensity was measured by a RCA 31034 photomultiplier with a cooled S- III or Ru II , the CrEu and RuLu complexes were used as blanks. Quantum yields were determined by using a Spex Fluorolog 3-22 fluorimeter; for the ions emitting in the near infrared the spectrometer was fitted with an additional single grating monochromator FL-1004 equipped with a InGaAs detector cooled at 77 K. The quantum yields have been calculated by using Equation (12) , where x refers to the sample and r to the reference; A is the absorbance (with A r = A x = 0.45 AE 0.01 (Ru II and Cr III ) or 0.16 AE 0.01 (Nd III , Yb III , and Er III )), ñ the excitation wavenumber used, I the intensity of the excitation light at this energy, n the refractive index and D the integrated emitted intensity. [CrEuL 3 ] 6 + (F = 0.13 %) [17] and [RuLuL 3 ] 5 + (F = 1.0 %) [19] were used as reference in acetonitrile for ions emitting in the visible region and Yb(TTA) 3 in toluene (F = 0.35 %; TTA = thenoyltrifluoroacetylacetonate) [37] for the NIR emitting ions (estimated error AE 10 %). Quartz Suprasil cells with 0.2 cm path length were used for these measurements. Elemental analyses were performed by Dr. H. Eder from the Microchemical Laboratory of the University of Geneva.
